Near-infrared spectra (∼0.90 to ∼1.65 µm) are presented for 181 main-belt asteroids, more than half having diameters less than 20 km. These spectra were measured using a specialized grism at the NASA Infrared Telescope Facility, where the near-infrared wavelength coverage is designed to complement visible wavelength CCD measurements for enhanced mineralogic interpretation. We have focused our analysis on asteroids that appear to have surfaces dominated by olivine or pyroxene since these objects can be best characterized with spectral coverage only out to 1.65 µm. Olivine-dominated A-type asteroids have distinctly redder slopes than olivine found in meteorites, possibly due to surface alteration effects such as micro-meteoroid bombardment simulated by laser irradiation laboratory experiments. K-type asteroids observed within the Eos family tend to be well matched by laboratory spectra of CO3 chondrites, while those independent of the Eos family have a variety of spectral properties. The revealed structure of the 1-µm band for 3628 Božněmcová appears to refute its previously proposed match to ordinary chondrite meteorites. Božněmcová displays a 1-µm band that is unlike that for any currently measured meteorite; however, spectra out to 2.5 µm are needed to conclusively argue that Božněmcová has a surface mineralogy different from that of ordinary chondrites. Extending the spectral coverage of Vestoids out to ∼1.65 µm continues to be consistent with the "genetic" relationship of almost all observed Vestoids with Vesta and the howardites, eucrites, and diogenites. Eucrites/howardites provide the best spectral matches to the observed Vestoids. c 2002 Elsevier Science (USA)
INTRODUCTION
Over 2000 asteroids have been characterized by broadband colors (e.g., Zellner et al. 1985) or charge-coupled device (CCD) spectra (e.g., Xu et al. 1995) in the visible wavelength region (∼0.4 to ∼1 µm). The most notable of these data sets is the second part of the Small Main-Belt Asteroid Spectroscopic Survey (SMASS II) (Bus and Binzel 2002a) , which observed over 1300 main-belt objects with estimated diameters as small as a few kilometers.
It is difficult to determine the mineralogy of an object just using spectral data shortward of 1 µm since many common meteoritic minerals (e.g., olivine, pyroxene) have absorption features that extend past 1 µm. However, only ∼200 asteroids (e.g., Bell et al. 1988 , Clark et al. 1995 have been spectrally characterized past 1 µm. The low number of objects that have been observed in this wavelength region is due primarily to the fact that very few observatories, such as the NASA Infrared Telescope Facility (IRTF) on Mauna Kea, are at altitudes high enough for these observations.
The most widely used near-infrared data set is the 52-color survey , which observed over 100 objects in 52-channels from 0.8 to 2.5 µm. The 52-color survey focused on S asteroids, which later allowed Gaffey et al. (1993) to divide the S class into a number of subclasses with interpreted surface compositions that varied from olivine-dominated to olivine/pyroxene mixtures to pyroxene-dominated. The mineralogical characterization of these objects was made using the band center of the 1-µm feature and the ratio of the areas of the 1-and 2-µm features. All of the main-belt 52-color objects had estimated diameters greater than 20 km.
To better characterize the mineralogies of asteroids, the Small Main-Belt Asteroid Spectroscopic Survey in the near-infrared (SMASSIR) was initiated at the IRTF. This survey was begun a few years before the advent of SpeX, the near-infrared spectrograph currently used at the IRTF. Only the spectra of main-belt asteroids will be discussed in this paper. SMASSIR results for many near-Earth objects are discussed in Binzel et al. (2001a) . SMASSIR has a wavelength coverage from ∼0.9 to ∼1.65 µm and focuses on asteroids thought to have "interesting" surface compositions based on their visible spectra. These objects included olivine-dominated asteroids, objects with V (or J) designations, and proposed meteoritic spectral analogs.
Compared to the 52-color survey, the advantage of SMASSIR is that much fainter main-belt objects (with estimated diameters as small as a few kilometers) can be observed. The disadvantage of SMASSIR is that reflectance data can only be obtained out to ∼1.65 µm, allowing only part of the 2-µm feature due to pyroxene to be characterized. The SMASSIR spectral wavelength coverage allows full characterization of the 1-µm feature of olivine and pyroxene. However, the quantitative mineralogical determination of the relative abundances of pyroxene and olivine (Cloutis et al. 1986 ) and the composition of the pyroxene (Adams 1974) requires full measurement of the 2-µm feature.
OBSERVATIONS
SMASSIR data were taken at the Infrared Telescope Facility, which is located at Mauna Kea on the island of Hawaii. A lowresolution "asteroid" grism with appropriate blocking filters designed by Richard Binzel ) was used to record a simultaneous first-order spectrum from ∼0.90 to ∼1.65 µm on the National Science Foundation Camera InSb array. The average dispersion is ∼0.013 µm per pixel (130Å per pixel) for an average resolution of ∼0.026 µm (2 pixels). The nonlinear wavelength calibration was obtained by taking spectral images of the illuminated dome through a number of narrowband filters having known central wavelengths. In February 1999, some of the calibration filters were removed from the filter wheel. The pixel locations for the remaining filters remained unchanged (to within 1 pixel), giving good confidence that the wavelength calibration error did not exceed 0.02 µm. The SMASSIR wavelengths overlap the visible CCD coverage of SMASS. Spectral coverage past ∼1.65 µm is not possible due to the overlap of the second-order spectrum.
Observational parameters for the SMASSIR observations of the objects presented in this paper are given in Appendix A. reduced the data taken from January 1997 to May 1999, while data taken from June 1999 to May 2000 were reduced by an undergraduate student (April Deet) under the supervision of Binzel. In the reduction, each asteroid spectrum was divided by a standard (solar analog) star observed at a similar airmass and time to produce the reflectance spectrum for each asteroid relative to the Sun. A number of 52-color objects (e.g., 221 Eos, 349 Dembowska) with well-determined spectral characteristics were observed each night and reduced with a variety of standard stars to check to see if there were any observational problems with any of the standard stars. Each asteroid spectrum was taken in a similar fashion except for 4 Vesta. Due to Vesta's brightness, its spectrum was taken from a defocused image and divided by the spectrum of a defocused standard star.
Multiple images were taken for each asteroid and standard star. Images were obtained in pairs (images "A" and "B") with the spectra falling on alternating parts of the InSb array. As much as possible, the "A" image was repeatedly placed on the same column (and similarly for the "B" image). Image "A" was subtracted by "B" and vice versa to remove background counts from the sky in each image. Spectral data reduction was performed using the Image Reduction and Analysis Facility (IRAF), developed by the National Optical Astronomical Observatories. The IRAF package apall was used to produce a spectrum from each image by summing the pixel values within a specified aperture at each point along the dispersion axis and subtracting any remaining background level measured by a fit of the background residing outside the aperture.
Since the different parts of the InSb array may have different sensitivities, spectra from each image from the "A" side of the chip were averaged to produce a composite "A" spectrum for a particular object, and similarly for the "B" side spectra. The composite asteroid spectrum from the "A" side was divided by the spectrum of the composite standard star from the "A" side, and similarly for the "B" side spectra. A requirement for "acceptable" data was good agreement (within the signal-to-noise uncertainties) between the features of "A" and "B" spectra. Mismatching "A" and "B" spectra that could not be reconciled were mutually eliminated from further reduction and analysis (a rare occurrence, happening in about 1% of all cases). As a final step, the mutually consistent "A" and "B" reflectance spectra were averaged to produce the final reflectance spectrum for a particular night. An atmospheric water band centered at ∼1.4 µm causes the points between 1.35 and 1.5 µm to be very suspect and not usable for most asteroids due to the large amount of scatter among the points. Due to the problems in correcting for atmospheric water, no corrections have been made and points that appear to have been affected significantly have been deleted. Weaker atmospheric effects are also sometimes present in the spectra at ∼0.94 and ∼1.15 µm.
To determine possible uncertainties in spectral slope for the asteroids due to airmass differences and other problems due to the atmosphere, we divided each standard star by another standard star (taken on the same evening) observed at a lower airmass. This division produced a "reflectance" spectrum for the higher airmass standard star. A difference in slope (from ∼0.92 to ∼1.65 µm) of 0% from unity indicates that two standard stars have the same spectral slope. After the division, the average offset in slope from unity was approximately 5% (4.9 ± 4.4%). This average uncertainty (∼5%) in the spectral slope for an asteroid spectrum at the SMASSIR wavelengths is comparable to slope uncertainties in the visible (Bus 1999) .
Error bars were calculated in slightly different ways by and in the June 1999-May 2000 data reduced subsequently. used Poisson statistics. The signalto-noise ratio for each image was calculated by dividing the signal (the summed pixel values with the remaining background level removed from the subtracted images) by the noise (the square root of the summed pixel values with no remaining background level removed from the unsubtracted images). The inverse of the signal-to-noise is the fractional error. The fractional errors for each standard star and asteroid image could be propagated to produce the 1-σ error bars for the final composite spectra. For the latter data, Poisson statistics were also used, but the point-to-point scatter in the final data points was also examined. The final error bar values tabulated correspond to the larger of these values.
Each SMASSIR spectrum was normalized to a visible spectrum. The normalization to the visible spectrum was conducted by first fitting the SMASSIR spectrum with errors using a cubic spline program (Reinsch 1967 ) that was adapted by Schleicher (personal communication 1993) and has been previously used by Bus (1999) . Points that appeared significantly affected by atmospheric water features were not used. The SMASSIR spectra were fit from 0.92 to 1.65 µm at 0.01-µm intervals. The 0.92-µm endpoint was chosen since the SMASS II spectra were fit from 0.44 to 0.92 µm (Bus 1999 ) and the two fits could be directly overlapped. Also, the number of counts measured shortward of 0.92 µm in SMASSIR is rapidly decreasing, which increases the uncertainty in the value of those points. When SMASSII data were not available, SMASS I and ECAS data were also fit from 0.44 to 0.92 µm. The SMASSIR fit was then normalized to the fitted visible spectrum. The actual SMASSIR spectrum was multiplied by this normalization factor and then overlaid on the visible spectrum to get the best continuous spectrum from ∼0.44 to ∼1.65 µm. To determine 1-µm band centers, the cubic spline program was used to fit the overlapping visible and near-infrared spectra over the 1-µm band region. A linear continuum was then divided out of the fitted spectrum so the band minimum would be the band center.
DATA
Appendix A gives the classifications and observing parameters of the SMASSIR objects and Appendix B presents the spectra. For objects observed multiple times, only the observing parameters for the best-quality spectrum are given and plotted. All data are available for downloading at the SMASS Web site (http://smass.mit.edu).
All taxonomic classes mentioned in this paper are from analyses of an asteroid's visible spectrum and are not based on analyses of its near-infrared spectrum. In Appendix A, the classifications given are primarily those of Bus and Binzel (2002b) . Using the Tholen taxonomy as its foundation, the Bus and Binzel (2002b) taxonomy contains 26 classes that are defined solely by the presence, absence, shape, and depth of spectral absorption features found in the Bus and Binzel (2002a) CCD spectra. The taxonomy was defined using a combination of analytical techniques as well as human judgment (through visual inspection of the data). A listing of each of the Bus and Binzel (2002b) classes and their spectral characteristics are given in Table I .
As stated earlier, SMASS II data were not available for all objects observed and presented here. In these cases, the taxonomic type tabulated in Appendix A includes "(SMASS I)" if the visible data are from SMASS I (Xu et al. 1995) or "(ECAS)" if the data are from the Eight-Color Asteroid Survey (Zellner et al. 1985) . For both of these alternate cases, the taxonomic type indicated is based almost entirely on the classification system of Tholen (1984) .
The visible portions of the presented spectra are from SMASS II (Bus and Binzel 2002a) , except as noted in Appendix A. No systematic variations in slope, from comparisons of the reflectance values at 1.65 µm, were seen between the SMASSIR and 52-color data sets. It should be noted that since all spectra are normalized to a visible spectrum, slope differences between previously taken spectra and SMAS-SIR spectra could be due to differences in the visible and/or the near-infrared spectra.
RESULTS
The following sections discuss the results of the SMASSIR survey for A, K, and O asteroids and the Vestoids (objects with visible spectra similar to Vesta). Analyses of the spectra of these objects appear to be the least hampered by the lack of spectral coverage out to 2.5 µm. A and K asteroids have spectral features shortward of ∼1.65 µm due to olivine while Vestoids have spectral features due to pyroxene in this wavelength range. The O asteroid discussed here has an unusual spectrum shortward of ∼1.65 µm.
The S asteroids are difficult to analyze using SMASSIR spectra since their absorption features are primarily due to mixtures of olivine and pyroxene. The olivine and pyroxene features overlap in the 1-µm wavelength region, making it difficult to make mineralogical interpretations without wavelength coverage out to 2.5 µm. The usefulness of much of the SMASSIR spectra of S asteroids may be in identifying unusual objects to be observed out to 2.5 µm and confirming the spectral characteristics (out to ∼1.65 µm) of objects observed in the near-infrared.
A Asteroids
A-class asteroids have strong UV and 1-µm features that appear similar to those of olivine [(Mg, Fe) 2 SiO 4 ] (e.g., Cruikshank and Hartmann 1984) . Nine main-belt A-class asteroids were observed in SMASSIR. All of these objects were classified as A types in the Bus and Binzel (2002b) taxonomy.
Mineralogically significant parameters for these objects derived from SMASSIR spectra are given in Table II . These objects can be divided into two groups. The larger (diameters of 27 to 60 km) A types (246 Asporina, 289 Nenetta, 446 Aeternitas, and 863 Benkoela) (Fig. 1) , previously observed by Bell et al. (1988) , have distinctive absorption bands due to olivine. The smaller and newly identified A-type asteroids (1126 Otero, 1600 Vyssotsky, 2732 Witt, 4142 Dersa-Uzala, and 4713 Steel) (Fig. 2) have much weaker 1-µm bands. The smaller A asteroids have estimated diameters of 13 km or less.
FIG. 1.
Reflectance spectra of four deep-featured A-type asteroids and olivine from King and Ridley (1987) . The A-type asteroids can be seen to have band depths similar to those of the olivine spectrum, but much redder spectral slopes. All spectra are normalized to unity at 0.55 µm and all of the asteroid spectra have been offset in reflectance by 0.5.
One object, Steel, has been classified as an S-type asteroid by Carvano et al. (2001) . They observed it over two nights and noted that it did not have a strong UV feature, as seen in their spectrum of Vyssotsky. Further observations of this object are needed to confirm the visible spectral characteristics of this object.
The deep-featured objects are also much redder than most known olivine from extraterrestrial or terrestrial sources (Table II) . These asteroids have reflectances at 1.65 µm (normalized to unity at 0.55 µm) between ∼1.80 and ∼2.4. An olivine spectrum plotted by Adams (1975) labeled with a fayalite (Fa) content of 100 mol% and one by Sunshine and Pieters (1998) with a Fa 99 composition appear as red as these A asteroids. The spectrum of Fa 89 olivine by King and Ridley (1987) is not as red as these asteroids (Table II) .
Olivine-dominated meteorites, such as the brachinites (∼Fa 30−35 ) and pallasites (∼Fa 10−20 ), have much lower iron contents (Mittlefehldt et al. 1998 ). An olivine grain in one eucrite has been found to very iron-rich (Fa 83 ) (Mittlefehldt and Lindstrom 1993) and some almost-pure fayalite grains that are 100 µm or less in size have been identified in some CV chondrites a The estimated error bars for the asteroid band positions are ±0.01 µm for the ∼0.7-µm peak. The estimated error bars for the band minima and centers (minima where a linear continuum has been divided out) are ±0.01 µm for the higher quality A-asteroid spectra (246 Asporina, 289 Nenetta, 446 Aeternitas, 863 Benkoela) and ±0.02 µm for the lower quality spectra (1126 Otero, 1600 Vyssotsky, 2715 Mielikki, 2732 Witt, 4142 Dersa-Uzala, 4713 Steel). The estimated error bars for band positions from the olivine spectra are estimated to be ±0.01 µm.
b The estimated error bars for the band depths are ±5% times the depth. The band depth is calculated after a linear continuum of each spectrum is divided out. c The asteroid albedos are IRAS albedos (http://pdssbn.astro.umd.edu/SBNast/archive/IMPS/diamalb.tab). The albedos of the meteorites, the olivine, and olivine/metal mixtures are their reflectances at 0.55 µm.
d The error bars for the reflectances at 1.65 µm for the asteroids are ±5%. e The asteroid diameters without parentheses are from IRAS. The asteroid diameters in parentheses are calculated from the H magnitude (Bowell et al. 1989 ) assuming an albedo of 0.18.
f The relatively short wavelength for the band center for 2732 Witt appears to be due to problems in overlapping the SMASS and SMASSIR data at 0.92 µm and the scatter in the SMASSIR spectra.
g The parameters for the Brachina spectrum are from Sunshine and Hiroi (personal communication 1998) , the Imilac olivine spectrum are from Hiroi et al. (1993) , and the Brenham olivine spectrum are from King and Ridley (1987) .
h The spectra of the Fa 12 olivine taken at two different temperatures are from Hinrichs et al. (1999) and the spectra of the Fa 34 , Fa 40 , Fa 49 , and Fa 89 olivine are from King and Ridley (1987) .
i The olivines altered by Yamada et al. (1999) and Moroz et al. (1996) were irradiated by a laser with the Yamada et al. (1999) samples being altered at lower energies with shorter durations.
FIG. 2.
Reflectance spectra of weaker featured A-types. All spectra are normalized to unity at 0.55 µm and all of the asteroid spectra have been offset in reflectance by 0.2. (Hua and Buseck 1995) . But olivine compositions of Fa 40 or higher tend to be very rare in meteorites (Brearley et al. 1998 , Mittlefehldt et al. 1998 . We find no meteoritical evidence to support the formation of kilometer-sized bodies with compositions close to Fa 100 .
One proposed way to alter a surface to keep these objects' strong UV features and strong distinctive bands due to olivine while reddening the spectra is to use a pulse laser (Sasaki et al. 2001) , which is hoped to duplicate the energy and duration of micrometeorite impacts. We find it intriguing that the altered olivine samples appear more spectrally similar to A-asteroid spectra than any other known samples.
One possibility for the surface composition of the shallower featured A asteroids (such as 1126 Otero) is that they are mixtures of metal and silicates (olivine and/or pyroxene) that would be expected to have very broad, but shallow 1-µm bands. Another possibility is that they have been more heavily "altered," which should tend to suppress the 1-µm feature, than the deepfeatured A asteroids.
Within the A-asteroid population defined by Bus and Binzel (2002b) , it appears that objects with the distinctive bands due to olivine tend to be prevalent only at rather large diameters (27 to 60 km). A-type asteroids in the Bus and Binzel (2002b) taxonomy include a number of objects with different near-infrared spectral properties. The spectral differences between the large and small A asteroids could be due to composition and/or "alteration" effects. Larger objects would be expected to have older surfaces and be more altered than smaller asteroids, which would argue that the spectral differences are more likely due to some type of compositional difference.
K Asteroids
K-types asteroids have been noted (e.g., Bell 1988) as having visible and near-infrared spectra similar to those of CO3/CV3 chondrites; however, previous near-infrared spectra ) of these asteroids are rather noisy with large amounts of scatter. Nine main-belt K asteroids were observed in SMASSIR. All of these objects were classified as K types in the Bus and Binzel (2002b) taxonomy. Spectra of three K asteroids were previously discussed in Burbine et al. (2001a) .
Five of these objects (221 Eos, 513 Centesima, 653 Berenike, 661 Cloelia, and 1148 Rarahu) are in the hierarchical clustering method (HCM) Eos family (Zappalà et al. 1995) and four of the asteroids (233 Asterope, 402 Chloe, 599 Luisa, and 7081 Ludibunda) are not.
As discussed in Burbine et al. (2001a) for two objects (Eos and Berenike), the Eos family members (Fig. 3) (excluding 1148 Rarahu) tend to have spectra similar to that of CO3 chondrite Warrenton (Gaffey 1976 ). (The near-infrared spectrum of Cloelia is noisy but seems to have similar spectral characteristics.) These objects have UV features with similar strengths, plus an absorption feature with band depths of ∼10% centered around 1.06-1.09 µm. The wavelength position of this feature plus the more subtle features at ∼0.9 and ∼1.3 µm indicates an olivine-dominated assemblage where the olivine bands are suppressed in strength due to an opaque substance (e.g., metallic iron, sulfide, carbon). Warrenton (Wahl 1950 ) is 75 vol% olivine (Fa 27 ; Scott and Jones 1990), 4% pyroxene, 6% metallic iron, and 5% troilite. The exception is 1148 Rarahu, whose noisy spectrum appears reddened relative to those of the other Eos family members. However, the spectrum of Rarahu does appear to indicate an olivine-dominated assemblage so it is unclear if Rarahu is an interloper or an olivine-dominated fragment of the original "Eos family" parent body that has been reddened by some process.
Three of the K asteroids (233 Asterope, 402 Chloe, and 599 Luisa) not in the Eos family tend to have much weaker 1-µm absorption features and a variety of spectral slopes (Fig. 4) . Tholen (1984) originally classified Asterope as a T-type asteroid. Burbine et al. (2001a) noted the spectral similarity of Luisa and CV3 chondrite Mokoia (Gaffey 1976 ). The exception is 7081 Ludibunda, whose noisy spectrum (Fig. 4) has a much deeper 1-µm band that is similar to the spectra of the Eos family members. Ludibunda is located at ∼2.74 AU, relatively far from the Eos family at ∼3 AU. As with the A asteroids, Ktype objects in the Bus and Binzel (2002b) Gaffey (1976) . The Warrenton spectrum has had a nonlinear correction factor (Pieters and Pratt, personal communication 2001) added to the original wavelengths to compensate for a later discovered calibration offset (Gaffey 1984) . All spectra are normalized to unity at 0.55 µm and all of the asteroid spectra have been offset in reflectance by 0.2. a number of objects with very different near-infrared spectral properties.
O Asteroid
One main-belt O asteroid (3628 Božněmcová) was observed in SMASSIR. This object was originally announced as the first main-belt object with a visible spectrum similar to those of ordinary chondrites. However, near-infrared spectra of Božněmcová (Fig. 5) show an unusual bowlshaped 1-µm feature that is unlike any individual ordinary chondrite or other currently measured meteorite spectrum from ∼0.5 to ∼1.5 µm.
The large error bars for this spectrum are due to its faint magnitude of V 17.1. As can be seen in the figure, Božněmcová matches very well the Manbhoom spectrum from 0.6 to 1.1 µm, but deviates from Manbhoom between 1.1 and 1.4 µm. One possibility is that atmospheric absorption features are affecting the spectrum between these wavelengths and causing the deviation. However, problems due to the atmosphere would need to happen at a much shorter wavelength (∼1.30 µm) than is normally found. Also, Božněmcová's spectrum is very smooth without significant scatter as would be expected for a substantial atmospheric correction problem.
Božněmcová's band center near 1 µm is too long to indicate a surface dominated by orthopyroxene and too short to indicate an olivine-dominated surface. One possibility is an olivineorthopyroxene mixture (e.g., Cloutis et al. 1986 ) or a substantial high Ca-pyroxene component (Cloutis and Gaffey 1991) . Spectra out to 2.5 µm for this object may be critical for making an educated guess on the surface composition of this object.
Vestoids
Asteroid 4 Vesta has been postulated (e.g., McCord et al. 1970 , Larson and Fink 1975 , Consolmagno and Drake 1977 as the parent body of the howardites, eucrites, and diogenites (HEDs)
FIG. 4.
Reflectance spectra of K asteroids not in the Eos family and CV3 chondrite Mokoia from Gaffey (1976) . The Mokoia spectrum has had a nonlinear correction factor (Pieters and Pratt, personal communication 2001) added to the original wavelengths to compensate for a later discovered calibration offset (Gaffey 1984) . All spectra are normalized to unity at 0.55 µm and all of the asteroid spectra have been offset in reflectance by 0.5. (Bus and Binzel 2002b) unless noted by SMASS I, where the class is from data of Xu et al. (1995) .
b Proper elements are from an update compilation (http://hamilton.dm.unipi. it/astdys/catalogs/allnum.pro) of Milani and Kneževiċ (1994) proper elements.
c Family memberships are from an updated compilation (http://www.obsnice.fr/cerga/HCM.DAT) of Zappalà et al. (1995) family memberships.
FIG. 5.
Reflectance spectra of 3628 Božněmcová and LL6 chondrite Manbhoom from Gaffey (1976) . The large squares are the J and H filter band measurements reported by showing their agreement (within error bars) of the SMASSIR measurements. The Manbhoom spectrum has had a nonlinear correction factor (Pieters and Pratt, personal communication 2001) added to the original wavelengths to compensate for a later discovered calibration offset (Gaffey 1984) . All spectra are normalized to unity at 0.55 µm.
due to Vesta's distinctive reflectance spectrum, which is similar in structure to the laboratory spectra of HEDs. , Xu et al. (1995) , and Bus (1999) identified a number of small asteroids with "Vesta-like" visible spectra (usually called Vestoids). (We use the term "Vestoid" for objects with visible spectra similar to those of Vesta and/or the HEDs, even if they are not believed to be fragments of Vesta.) Vestoids were found in the Vesta family and between Vesta and meteorite-supplying resonances such as the 3 : 1 (∼2.5 AU) and ν 6 , supporting the argument that HEDs are fragments of Vesta. One outer main-belt Vestoid has been discovered by Lazzaro et al. (2000) .
Twenty-five main-belt Vestoids (V and J asteroids plus the Sq object 3376 Armandhammer in the Vesta family) (Table III) were observed in SMASSIR. Most of these objects have   FIG. 6 . Reflectance spectra of eight Vestoids, the eucrite EET 87542 (bold line) , and the diogenite LAP 91900 (dashed line). The turnover between the 1-and 2-µm feature for the Vestoids is at a wavelength similar to those of the eucrites and at a much longer wavelength than the diogenite. All spectra are normalized to unity at 0.55 µm and all of the asteroid spectra have been offset in reflectance by 0.5.
FIG. 7.
Reflectance spectra of 2579 Spartacus, the eucrite EET 87542 (bold line) , and the diogenite LAP 91900 (dashed line). The spectrum of Spartacus appears to have an olivine component that has broadened its 1-µm feature and lengthened the turnover (∼1.5 µm) relative to other Vestoids. All spectra are normalized to unity at 0.55 µm.
been discussed previously (Lazzaro et al. 2000 ) so we only summarize the major conclusions of these studies.
Twenty-four of these objects (all except 2579 Spartacus) have the distinctive 1-µm feature due to pyroxene plus the start of the 2-µm feature also due to pyroxene. Of these 24 objects, 16 were in the HCM Vesta family (Zappalà et al. 1995) .
Representative spectra of eight of these objects are plotted in Fig. 6 versus a eucrite and a diogenite. Their absorption bands are similar to those found in eucrites and also howardites (breccias of eucritic and diogenitic material). None of the objects have spectra that resemble those of diogenites, whose turnover between the 1 and 2-µm features is at a wavelength much shorter than those of the measured Vestoids. The observed objects have spectra redder (higher reflectances at wavelengths longward of 1 µm) than Vesta's, which is consistent with their pyroxenes being more Ca-rich than the average pyroxenes on Vesta's sur- face . Spectral observations of one Vestoid (1929 Kollaa) out to 2.5 µm by Kelley et al. (2001a) and mineralogical analyses of its spectrum confirm a similarity to eucrites. The exception is the spectrum of 2579 Spartacus (Fig. 7 ), which appears to have either an olivine or a high-Ca pyroxene component that has broadened its 1-µm feature and lengthened the turnover (∼1.5 µm) relative to other Vestoids. Spartacus is located (∼2.2 AU) at a relatively large ejection velocity (∼1 km/s) from Vesta at ∼2.34 AU and it is unclear if ∼10-km fragments could be ejected at those velocities (Asphaug 1997) . Spectra out to 2.5 µm are needed to better determine Spartacus' surface composition.
SMASSIR observations (Lazzaro et al. 2000) also confirm the spectral similarity of an outer belt Vestoid (1459 Magnya) (Fig. 6) to the inner main-belt Vestoids. Magnya is located at ∼3.15 AU, too far to be easily related to Vesta. The discovery (Yamaguchi et al. 2002) of one eucrite with a very different oxygen isotopic value from the HEDs also appears to confirm the formation of other "Vesta-like" bodies in the asteroid belt.
CONCLUSIONS
The SMASSIR data set is the first extensive survey of small (diameters less than 20 km) main-belt asteroids in the wavelength range past 1 µm. However, the lack of spectral coverage out to 2.5 µm hampers making any definitive mineralogical characterization. Mineralogies can be predicted (e.g., eucrite/howardite and not diogenite surface compositions for almost all of the Vestoids) from SMASSIR data, but spectral data out to 2.5 µm are needed to confirm these predictions.
A system at the IRTF called SpeX now allows spectral observations out to 2.5 µm (e.g., Binzel et al. 2001b , Kelley et al. 2001a . SpeX is a new-generation low-to-mediumresolution spectrograph, which is capable of producing spectra of faint asteroids from 0.8 to 2.5 µm with a signal-to-noise ratio comparable to that achieved in the visible wavelengths (Bus et al. 2001) . 
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